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Abstract 
This paper studies a method for active electrohydraulic force compensation in industrial 
scale high power applications. A valve controlled cylinder moves a mass using the 
force of inertia to compensate for the reaction forces of an industrial process. Two 
strategies for force compensation are developed and investigated in a 160 ton 
clamping unit of an injection moulding machine to significantly reduce the excitation. 
Results of the different strategies are shown and evaluated. Advantages and 
drawbacks of the developed electrohydraulic force compensation are discussed.  
KEYWORDS: force compensation, clamping unit, injection moulding machine, 
hydraulic drive train, valve control 
1. Introduction 
Robustness and the ability to apply high forces dynamically are reasons for the 
success of hydraulic drive trains in high performance stationary machinery. The 
stability of a machine is highly affected by the drive train and the acceleration of moving 
masses; a movement of the whole machine structure needs to be prevented. A 
conventional solution to reduce excitations is to strengthen the foundation of the 
machine bed with additional weight or the reduction of acceleration by the operator. 
Both goes along with shortcomings: A solid foundation may limit space in the machine 
operation range whilst a reduction of machine acceleration lowers the machine 
productivity. A promising solution is an active compensation of process forces by a 
second drive applying counterforces contrarily to the process forces reducing the 
impact on the machine foundation. Therefore the inertial force of a mass accelerated 
contrarily to the occuring process forces is used. This work focusses on an 
electrohydraulic force compensation strategy via a hydraulic cylinder drive. A prototype 
is developed and applied to the clamping unit of an injection moulding machine, an 
application with major nonlinearities in the drive train. Chapter 2 gives a short survey 
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on known force compensation strategies in literature and points out the differences of 
the novel approach. The novel method of electrohydraulic force compensation is 
derived in chapter 3 before chapter 4 focusses on the test rig application in detail. 
Chapter 5 shows measurements of the practical implementation and points out 
chances and drawbacks of two different compensation strategies. A summary of the 
achieved results and an outlook for the next working steps is given in chapter 6. 
2. Compensation Strategies – State of the Art 
The reduction of machine frame excitation is an issue the higher moved masses and 
acceleration rates are. If neither reaction forces can be tolerated nor a sufficient 
foundation can be reached (e.g. due to economical, technical or practical reasons) 
active or passive methods for decoupling or compensation of reaction forces may be 
an alternative. A scheme of the methods is shown in Figure 1. 
Figure 1: Methods for Reduction of Machine Frame excitation cmp./Gro09/ 
The (mechanical) decoupling of foundation and process using springs, dampers and 
counter-moving masses is well known, i.e. from cannons. Besides the advantage that 
no additional energy is needed for the mechanism itself, a drawback of this approach –
especially with regard to higher reaction forces is the need to tune spring and damping 
ratio to a specified (and limited) frequency range. So the full frequency range of the 
reaction forces generated by the process drive cannot be covered. Another drawback 
is the displacement of the machine itself with regard to the inertial system. Automatized 
production processes often rely on proper positioning e.g. for loading and unloading 
processes in process-chains. 
For small applications or if enough construction space is availible (passive) force or 
impulse compensation can be done by mechanical coupling of (counteracting) moved 
masses (rotational or translational). A well known example for this technique are 
counterbalance weights in automotive engines.  
The use of additional energy to compensate for the reaction forces caused by the 
process even economically appears to be a promising solution, if productivity can be 
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significantly improved, and the overall cost per part can be reduced. Figure 2 shows 
possibilities for passive and active compensation.
Figure 2: reduction of process-forces to machine frame and basement 
Force compensation mechanisms are commonly divided into impulse and force 
compensation methods. Impulse compensation methods focus on the compensation of 
process forces in a defined frequency range whereas force compensation is referred to 
as the compensation of all ocurring process forces.  
Force compensation with and without mechanical coupling has been investigated and 
developed since 1984 in numerous different ways /Fli84, Gro14/ and even been 
applied to a number of machine tools, e.g. /Wan09, NN15/. Ideal compensation is 
difficult to obtain in practice, and the compensation rate depends on numerous factors. 
However Großmann’s and Müller’s experiments show that a real impulse-
compensation setting may lead to a reduction of frame-acceleration of about 80% in a 
setting with given velocity of 0.5 m/s, acceleration of 40 m/s2 and jerk of 10000 m/s3
/Gro09b/. In order to reduce cost and machine size a small compensation mechanism 
is desirable, reducing the reaction forces to the machine basement as good as 
possible. From this point of view a total compensation of reaction forces is not 
economic.  
passive compensation via decoupling
active compensation via counteracting force 
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However reaction forces to be applied are limited due to the maximal force and the 
stiffness of the drives and the load of the moved masses, so the drivetrain has to be 
properly chosen. Linear direct drives feature the potential of high accelerations but as 
they do not use any transmission maximal force is limited and dynamical stiffness is 
low in comparison to an electro-mechanic ball screw, which features a high stiffness 
due to the high transmission ratios. Disadvantages of ball screw drives are the inertia 
of the rotary parts of the drive train which cannot be used for linear force compensation 
and the maximum forces that can be dynamically applied. For major scale production 
machines linear hydraulic drives appear to be a promising solution because of the high 
forces which may be applied. A drawback is the maximum applicable dynamics due to 
the comparatively low stiffness. It needs to be investigated in how far this drawback is a 
major burden for using hydraulic drives for compensation of process forces. Important 
questions driving this research are: 
• To what extent can a small-sized hydraulic mechanism sufficiently compensate 
for the occurring reaction forces? 
• How can the required forces be applied via an electohydraulic drive train? 
• What strategy should be used to achieve this aim? 
3. Electrohydraulic Force Compensation in Stationary Machines 
A compensation of forces with a second drive of same structure moving contrarily to 
the process drive extinguishes forces efficiently but may not be applied due to cost and 
additional space. In these cases a compensation drive with less power will be installed 
giving rise to the question how much of the excitation should be compensated for. 
Moreover the benefit of compensation depends on the construction of the drive, the 
strategy and the process requirements. Repeating processes facilitate more 
sophisticated strategies with higher calculation effort to be applied.  
3.1. Control Strategy 
This paper presents two strategies where information about full (elapsed) cycles is 
used. 
Force Peak Compensation (FPC). Assuming the maximum force taking maximum 
effect on the machine frame, a compensation of force peaks leads to higher possible 
dynamics. The idea of FPC is described in Figure 3. 
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Figure 3: Compensation of force peaks 
Occurring force peaks are compensated by a force applied contrarily by the 
compensation cylinder. Therefore the compensation law: 
 (1) 
is applied. The compensation tresholds Fmin, Fmax can be adjusted depending on the 
needed compensation effect up to the maximum power of the compensation drive. 
Frequency Slope Compensation (FSC). Following the idea that not the biggest 
amplitude of process forces but specific frequencies have a big impact on the excitation 
of the structure, compensation action should primarily focus on these frequencies. 
Therefore the transfer function (TF) or Fourier transformed ( ) frequency response 
from process force  to structure velocity  at a point of interest 
(2) 
needs to be considered. The TF can be revealed e.g. by step-response experiments or 
with an impact hammer. The compensation force  is derived filtering the reaction 
force  with the frequency response . The compensation force then is 
calculated in time domain as 
 (3) 
with scaled  and a factor  for compensation adjustment. Forward-
backward filtering eliminates phaseshift and reduces compensator action. 
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3.2. Dimensioning of the Compensation Actuator 
Good impact of the compensation drive can be achieved with high and enduring 
accelerations. Apart from the moved mass determining parameters are system 
pressure, cylinder size (area, stroke), maximal cylinder velocity and size and dynamics 
of the valve.  
According to Newton’s second law a force depends on the mass and its acceleration. 
In linear hydraulic drive trains (with double rod cylinder) the accelerating force 
(4) 
depend on the load pressure pL and the area A of the piston. The dynamics of the load 
pressure build-up is characterized by size (Qnom) and dynamics of the valve and the 
volume (V0) and stiffness of pipes, cylinder and the oil (K’) according to: 
(5) 
with the valve flow 
(6) 
Figure 4 schematically shows the load pressure build-up in a cylinder drive. In 
section 1a the limited valve spool velocity prevents faster pressure build-up. Phase 1b 
is determined by the ratio of chamber volume V0 and the valve flow Q0 before in 
phase 2 cylinder acceleration and chamber volume V increase significantly. In phase 3 
acceleration decreases, and the cylinder reaches constant velocity.  
Figure 4: schematic step-response of load pressure and cylinder velocity 
0
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With regard to equations (1), (2), (3) a high and long lasting compensation force can be 
achieved with big mass m, high supply pressure p0, small parasite and cylinder 
volumes and a high flow rate, which plays a major role in the compensation. One 
tradeoff lies in maximising force amplitude and duration. A shorter cylinder stroke h 
increases the force amplitude but at the same time limits the duration of the force. A 
second tradeoff can be found dimensioning the piston area A: Smaller piston areas 
lead to bigger impulses whereas maximum force requires larger cylinder areas. 
Figure 5: optimisation concerning force amplitude and duration of impulse 
Figure 5 shows the optimisation method to determine a best fitting cylinder size with 
cylinder stroke h as given restriction. Long cylinder strokes allow for long lasting 
accelerations but the impulse p may be limited by maximum cylinder velocity and the 
construction space; beyond that some space is needed for the deceleration of the 
moving mass. For a given valve there is an optimal cylinder area concerning maximal 
amplitude of force. Too big cylinder areas provoke a slow pressure build up and 
maximum pressure cannot be reached due to the accelerating cylinder (Figure 4, 
phase 3). 
4. Test Rig 
Electrohydraulic force compensation is a reasonable method for high power 
applications, where linear electric or electromechanic drives are too expensive or do 
not provide enough force. The test stand is selected to be a 160 ton toggle-lever 
clamping unit of a high-speed injection moulding machine because it is a popular 
application where dynamics is restricted by the excitation of the drive train. It consists 
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of the mechanism as pictured in Figure 6, driven by a closed circuit drive with a piston 
pump and a 22 kW servomotor.  
Data processing is done via MATLAB/SIMULINK and a dSpace DS1103 realtime 
controller board is used for signal acquisition and -output. Different trajectories are 
tested to illustrate the machine frame excitation. 
Figure 6: 160 ton toggle lever clamping unit and frame excitation 
The shorter the cycle time set by the operator the higher the accelerations of the 
machines movable platen  is. Consequently the machine frame is exposed to 
higher acceleration rates which lead to an increase of the machine frame excitation 
 , Figure 6. In production the moved mass within the process is, depending on 
the mould, about 1 ton, and with accelerations of 27m/s2 forces of 27 kN excite the 
machine frame in the given 0.98 s trajectory. Further shortening of the trajectory leads 
to an excitation that is followed by movement of the whole machine structure what 
needs to be prevented.  
Full compensation can be reached with lower masses and respectively higher 
accelerations or vice versa. Without exceeding the machine space or too complex 
constructions the demonstrator machine may be equipped with about 1/10 of the 
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moving weight (100kg), which has to be mounted in a way that compensation forces 
may be applied in the right direction. 
4.1. Design of the Compensation Drive 
The compensation drive has to be mounted symmetrically behind the toggle-lever drive 
to evenly apply the compensation force. As the driving cylinder of the toggle lever is 
mounted centrally the compensation force is applied symmetrically by two cylinders. 
The pressure level of the hydraulic cirquit is set to 190 bar. A first attempt for the 
dimensioning of the compensation drive is a maximum force equal to the reaction force 
of the machine which leads to a cyliner area of 15 cm2. Construction space and 
optimisation according to Figure 4 and Figure 5 in combination with system simulation 
turn out to a cylinder length of 200 mm so two 200x40x25 double rod cylinders are 
used due to the need for a symmetrical construction.  
Figure 7: hydraulic circuit and construction of compensation drive 
Figure 7 shows the setup: The compensation mass is mounted on a frame which 
moves together with the cylinder tube; the pistons are linked to the machine via their 
threads. The valve is a crucial part of the system: For a fast pressure build-up in the 
cylinder maximum valve dynamics and low pressure losses are necessary, resulting in 
a valve of maximum size. For the compensation drive a NS10-valve with nominal flow 
of 75 l/min@70 bar is chosen. The rise time to 100% opening stroke is 7 milliseconds, -
3dB-frequency is around 50 Hz. As the eigenfrequency of the machine frame is around 
15 Hz there is only a small expected phase-shift due to the valve dynamics. 
Experiments will show in how far this affects the effectiveness of the algorithm.  
Once the compensation drive is installed a response test shows the potential of the 
compensation drive: The valve is actuated with a 10 V-step signal (valve input is 
±10 V). As indication of the excitation frame velocity is depicted in Figure 8. With 
M
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nearly 15 m/s the compensation drive induces 25% of the impulse of the machine in a 
0.98 s trajectory (cmp. Figure 6). 
Figure 8: compensation drive and machine frame excitation 
The maximum impulse is restricted by maximum cylinder velocity (valve spool opening, 
seal properties), while maximum acceleration is restricted by pressure built up in the 
cylinder chambers. Valve spool velocity rate limit plays a crucial role because it limits 
pressure built up significantly.  
5. Test and Results 
The different compensation strategies, force peak compensation and frequency slope 
compensation are applied at the described prototype test rig. Experiments and 
evaluations are carried out with a controller not accounting for several nonlinearities as 
the damping of the tie bar screws, the nut bolt play or losses in the hydraulic piping. 
The transmission of the toggle lever itself is a major nonlinearity but calculations and 
experiments show that transmission ratio can be taken as constant in the areas where 
the highest excitations occur. Effectiveness of compensation is measured by means of 
the reduction of kinetic energy in the machine frame that directly relates to the frame 
velocity if the moved mass is constant. Moreover the frame stroke is an indication for 
the energy that needs to be dissipated via the mounting foots of the machine. 
Force Peak Compensation (FPC) is applied to the 0.98 s trajectory given in Figure 6. 
Reaction forces are computed via logged data of the piezo accelerometer at the 
movable platen and the moved mass’ weight. 
The algorithm sets a constant compensation level so that the reaction force peak at 
0.3 s is considered for compensation in the given trajectory. Results in Figure 9 show 
that despite a tracking error due to open loop feedforward and closed loop PID control 
of the compensation drive, the force peak is reduced by the compensation drive, 
resulting in an about 0.4 mm reduced frame stroke (about 20..30% considering 
deviations in repeatability). The maximum frame velocity  is reduced from 80 to 
67 mm/s with FPC. 
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Figure 9: Experimental results of FPC algorithm application
A drawback of the shown implementation of FPC algorithm is that the valve opening is 
used for pressure build up. Line inductivities and reversion of load pressure can lead to 
higher compensation rates while closing the valve. Energy efficiency benefits from 
small compensation movements by compensating for excitations at decided moments 
in the trajectory. 
For the application of Frequency Slope Compensation (FSC) the necessary force is 
calculated via filtering of the acceleration supressing the transfer of frequencies 
near the eigenfrequencies of the machine. Figure 10 shows the result of the FSC 
compensation.  
It can be seen that the highest excitations are compensated for but also that the 
algorithm causes some new excitations. FFT-analysis shows that due to the tracking 
error (Figure 10, lower left) new excitations are caused. 
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Figure 10: Experimental results of FSC algorithm application 
Besides the improvement of the control algorithms there are some factors that 
physically reduce the effectiveness of the compensation mechanism: the (rate) 
limitation of valve dynamics and maximum nominal valve flow limit pressure build up as 
well as pipe inductances.  
6. Conclusion and Outlook 
Force compensation in machine tools has been applied in practice using linear direct 
electric drives, gathering higher dynamics, better precision and preventing excitations. 
This paper investigates a hydraulic linear drive force compensation in theory and 
practice. A compensator moving 10% of the machines moved mass is developed and 
applied to the clamping unit of an injection moulding machine prototype with occurring 
reaction forces up to 40 kN. A valve controlled demonstrator is developed, 
implemented and tested Two methods of force compensation are developed and 
applied in practice: Force Peak Compensation (FPC) algorithm results in a 20% 
reduction of machine frame movement at a given force peak. Frequency slope 
compensation (FSC), which is a method pointing towards the reduction of 
eigenfrequency excitation, results in a similar reduction of force peaks with bigger 
actuator actions. Both methods show potential concerning the reduction of machine 
excitation even though not all force peaks can be compensated for. Reasons for these 
deviations can be found in tracking errors of the compensation drive caused by fluid 
compressibililty and the limited dynamic of force build up in comparison with electro-
mechanic drivetrains, which is a challenging issue.  
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Experimental results show that hydraulic force compensation may be an interesting 
solution for application in industry if the compensation effect is increased. For judging 
the effectiveness of the compensation drive and different control strategies with regard 
to an economic application in high power applications the dynamics of the drive train 
should be considered in motion planning. Moreover a maximum tracking error for an 
effective working of the algorithms should not be exceeded. This will be part of future 
investigations. 
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8. Nomenclature 
Symbols 
 Area m2  spring rate N/mm 
 transfer function -  length m 
 scaling factor   mass kg 
 bulk modulus bar  pressure bar 
 Flow l/min  time s 
 volume m3  velocity mm/s 
 damping factor Ns/mm  position mm 
Subscripts 
 related  Minimum, maximum 
 coupling  Movable platen 
 force  nominal 
 load  process 
 Structure  Process drive 
 Compensation drive Process force 
 compensation  reaction 
foundation  resulting 
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